Abstract. We present results for dye sensitized solar cell (DSSC) electrodes based on high surface area indium tin oxide (ITO) coated with an active TiO 2 layer. This design, denoted as a "collector-shell electrode", ensures a distance of several nanometers between the TiO 2 -electrolyte interface and the current collector throughout the porous electrode, in contrast to several micrometers associated with the standard electrode. The new design also enables an inherent screening capability due to the high doping level of the conductive core matrix. Therefore, the importance of this electrode configuration is its ability to overcome the collection and image field problems in DSSCs, especially for solid-state hole-conductor-based devices.
The dye-sensitized solar cell (DSSC) or the Graetzel cell has gained increased interest in both practical application and basic science due to its potentially low-cost production, the adequate and stable conversion efficiencies currently achieved in small-area cells (11% in a DSSC smaller than 0.2 cm 2 and 10.1% for a cell with an active area of 1.3 cm 2 ), 1 and its scientifically interesting nature resembling natural photosynthesis.
2,3
Typically, the DSSC consists of a nanocrystalline, mesoporous network of a wide bandgap semiconductor, covered with a monolayer of dye molecules. The semiconductor is deposited onto a transparent conductive oxide (TCO) electrode, through which the cell is illuminated. The pores of a semiconductor network are filled with a redox mediator, which acts as an ionic conductor connected to a counter electrode. Upon illumination, electrons are injected from the photo-excited dye into the semiconductor and move towards the transparent conductive substrate, while the electrolyte regenerates the oxidized dye, and transports the positive charges to the counter electrode. 2 Efficient light-to-energy conversion of the DSSC requires a high surface area of the sensitized semiconductor film because of the low absorbance of dye monolayers and the low efficiency of dye multilayers. 3 Various high surface area electrodes of wide bandgap semiconductors were tested in DSSCs. Typically the high surface area is formed by the assembly of nanoparticles to form nanoporous geometry. TiO 2 is the most common wide bandgap semiconductor in DSSC studies and applications, and this finding was presented in the 2008 270 first literature report of efficient DSSC. 2 Other materials such as SnO 2 , 4-6 ZnO, 7, 8 Nb 2 O 5 , 9 and SrTiO 3 10 were found to be less efficient than TiO 2 .
The necessity to use high surface area electrodes in DSSCs introduces a major problem, which results from porous geometry. The collection of the photoinjected electrons competes with recombination reactions that are accelerated by the large semiconductor-electrolyte interface. One approach to overcome this problem utilizes an energy barrier on the surface of the semiconductor mesoporous matrix. This energy barrier forms a core-shell structure that allows electron injection while slowing the recombination reaction rate. which have conduction bands that are more negative than the conduction band of the core semiconductor; thus reducing the recombination rate processes at the matrix interface. Due to the insolating nature of these materials, their thickness as a barrier layer is limited to only a few angstroms. This allows the electron tunneling from the exited dye anchored to the barrier layer outer surface to the underlying core semiconductor.
11-14
Recently we suggested a new type of a high surface area electrode aimed at improving electron collection efficiency in mesoporous solar cells. The new electrode is based on a conductive mesoporous core, rather than a semiconducting core. 16 This conductive mesoporous matrix is coated with a standard DSSC wide bandgap material. The new electrode core-shell configuration, shown in Fig. 1 , consists of an inner porous matrix made of transparent conductive oxides (TCO) (for example, ITO or Sb-SnO 2 ) and a TiO 2 shell. In principle, the conducting core extends the current collector into the mesoporous network, and thus is denoted as the mesoporous "collector-shell electrode". The distance between the injection spot and the current collector depends on the shell thickness; this distance should decrease to several nanometers throughout the mesoporous electrode, in contrast to several micrometers of the standard electrode. In other words, all electrons injected into the electrode, including those that are generated several micrometers from the substrate, must travel only several nanometers before reaching the current collector.
Another advantage of the new collector-shell design is the inherent screening capability caused by the high doping level of the conducting matrix. Theoretically, the new design should enable efficient charge separation and collection even for thick mesoporous layers. Previous experiments with a flat analogue of the new electrode were performed by a controlled oxidation of titanium plates. These measurements revealed that unless the formed TiO 2 layer was thicker than 6 nm, the electrode performance was poor due to the fast recombination rate. 16 The problem exists in the fabrication of a relatively thick (>6 nm), continuous, and uniform TiO 2 shell on mesoporous transparent conductive electrodes which, accordingly to ref 16 , should help ensure a good photoelectrical performance of DSSCs based on these electrodes. The difficulty in such a shell preparation is the reason why all attempts to date to create such electrodes resulted in cells with quite low efficiency. For example, Joanni et al. 17 prepared branched ITO nanowires of about 2 μm in length on a glass substrate by pulsed laser ablation. The ITO nanowires were covered in a subsequent step with a compact TiO 2 layer with a thickness approximately 100 nm using RF sputtering. The insufficient thickness of the TiO 2 layer apparently was one of the main reasons for a low overall conversion efficiency of 0.15% under 10 mW/cm 2 light intensity obtained with these electrodes employed in DSSCs.
In this paper, we present experimental results of DSSCs constructed with ITO particles, with a diverse distribution of sizes from a few nanometers to several microns. It was our first approach to achieve a uniform thick coating of the active wide bandgap semiconductor, TiO 2 , on the surface of a conductive mesoporous matrix. By introducing a second shell-an insolating barrier layer on top of the TiO 2 -the cell performance improved even more due to a suppressed recombination rate with the electrolyte. rom Ltd.), iodine 99.8% (Aldrich), acetylacetone ≥99.5% and methoxypropionitrile (Fluka), lithium iodide anhydrous and dimethylpropylimidazolium iodide bought from Merck, tert-butylpyridine 99% (Aldrich), acetonitrile HPLC grade (J.T.Baker) with water content 0.002%, and nitric acid (Frutarom Ltd.) were used as received without further purification. The dye cis-dithiocyanato bis(4,4′-dicarboxylic acid-2,2′-bipyridine) ruthenium(II), commonly termed N3, was purchased from Dyesol (Australia).
Fluorine doped tin oxide (FTO) coated glass substrates (Pilkington, bought from Hartford Glass Co. Inc., USA) with a sheet resistance 8 Ω/square were cleaned with ethanol, mild soap, thoroughly rinsed with deionized water (18.2 MΩ), and dried in a filtered air stream.
We measured the thickness of the ITO mesoporous films with a Surftest SV 500 profilometer from the Mitutoyo Co. The quality of layers was characterized by visual inspection. The morphology of the prepared films was investigated using a field emission electron microscope JEOL, JSM-7000F. Particle size and shape, and also the thickness, morphology, and homogeneity of the TiO 2 shell, were determined by HRTEM (JEOL, JEM-2010 transmission electron microscope).
ITO mesoporous electrodes were prepared by applying the electrophoretic deposition (EPD) from ethanolic suspensions with additives. The method of suspension preparation for EPD has been reported elsewhere. 18 In brief, 2.3 g of ITO particles were mixed with 50 mL of ethanol and 0.4 mL of acetylacetone. The suspension was stirred with a magnetic stirrer for 24 h in a closed vessel (herein "ITO suspension"). Small amounts of iodine, acetone, and water were added to 40 mL of ethanol and sonicated with cooling the solution in an ice bath until the iodine was dissolved (herein "charging solution"). Immediately prior to EPD, an ITO suspension was added to the charging solution and mixed. This step was followed by sonication for 15-20 min using an ultrasound processor VCX-750 (Sonics and Materials, Inc.) to homogenize the mixture with cooling the suspension in an ice bath. The obtained suspension was applied for EPD. The electrophoretic cell contained two electrodes of F-SnO 2 conductive glass; one electrode was a cathodic substrate, and the other electrode served as a counter-electrode. The electrodes were placed vertically and immersed in the suspension in a glass beaker. The distance between electrodes was about 30 mm. The EPD process was performed using the constant current mode at room temperature. A Keithley 2400 Source Meter was applied as a power supply. The EPD was conducted in two steps, each step for 2 min with the current density of 0.4 mA/cm 2 , with the intermediate drying at room temperature. This procedure resulted in 20-μm-thick ITO film. Prior to the TiO 2 coating, the ITO mesoporous electrodes were sintered at 450 °C for 30 min in order to obtain good electrical contact between the particles themselves and the substrate. This type of bare ITO mesoporous electrode is noted below as "electrode 1".
The method of a conformal sol-gel EPD of TiO 2 and MgO shells is reported elsewhere. 19 In brief, a hydrolysis of metal alkoxides was performed in alcoholic solutions with iodine, acetone, water, and nitric acid as additives. Tetraisopropyl ortotitanate and magnesium ethoxide were used as precursors for titania and magnesia coating solutions, respectively. The chemistry involved in the sol-gel process is based on hydrolysis and inorganic polymerization. We obtained stable transparent sols due to charging polymeric inorganic-organic clusters by protons. Under an applied electric field these clusters move to the opposite charged electrode, that is, cathode. We carried out the sol-gel EPD from dilute solutions and under small current density (25-100 μA/cm 2 ). Under such conditions clusters are moving and depositing individually and slowly, forming tightly and uniformly packed deposits. A conformal TiO 2 layer was deposited onto the prepared ITO mesoporous electrodes, and the coated electrodes were sintered at 500 °C for 30 min for the TiO 2 crystallization. This type of ITO mesoporous electrode coated with TiO 2 shell is noted below as "electrode 2".
A second MgO insulating layer was deposited on top of the TiO 2 shell, and then these electrodes were dried at 150 °C for 2 h. This type of ITO mesoporous electrodes coated with a TiO 2 shell and a MgO shell is noted below as "electrode 3".
These three types of electrodes were prepared and tested at least three times, and DSSC measurement parameters were calculated as average from them.
The prepared electrodes were sensitized with N3-dye by immersing still warm (80-100 °C after sintering or drying) films in dye solution in ethanol (0.5 mM) and storing them for about 70 h at room temperature. The dye-covered electrodes were then rinsed with ethanol and dried under a filtered air stream. A two-electrode sandwich cell with an effective area of 0.635 cm 2 was employed to measure the performance of DSSCs using a Pt-coated F-doped SnO 2 layered glass as a counter-electrode. Teflon tapes with a thickness of 50 μm were positioned as spacers between the two electrodes. The composition of the electrolyte was: 0.6 M dimethylpropylimidazolium iodide, 0.1 M LiI, 0.05 M I 2 , 0.5 M tert-butylpyridine in 1:1 acetonitrile-methoxypropionitrile. Photocurrent-voltage characteristics were performed using an EcoChemie Potentiostat. A 250 W xenon arc lamp (Oriel) calibrated to approximately 100 mW/cm 2 (AM 1.5 solar emission) served as a light source. The conversion efficiencies were not corrected for reflection and absorption losses of the conductive glass.
rEsults And dIscussIon
Utilizing the EPD method, 18 we obtained adherent, uniform ITO mesoporous layers with a controlled thickness. The multilayer approach used in the present work permits the preparation of adherent, crack-free films with a thickness more than 40 μm. Figure 2 shows a HRSEM image of a sample, tilted at a 78° angle, of electrophoretically deposited ITO mesoporous film on FTO-coated conductive glass. The thickness of the ITO layer is >40 μm. The layer consists of diverse size particles: from very large (several microns) to small (a few nanometers). Consequently, the porous structure is nonhomogeneous: with large, medium, and small pores. Figure 3 displays the HRTEM images of ITO particles coated with TiO 2 by sol-gel EPD (see "Experimental"). The particles were scraped from FTO glass, dis- solved in anhydrous ethanol, sonicated for 5 min with cooling in an ice bath, and dropped onto a carbon-coated copper grid for TEM. The grid was carefully dried, first under ambient conditions, and then in a vacuum. From  Fig. 3 , we see that our method of sol-gel EPD resulted in ITO particles conformally coated with a TiO 2 shell. The shell material, TiO 2 , was confirmed by an EDS attached to the HRTEM. The thickness of the TiO 2 shell varied from 1.5 to 40 nanometers due to the non-uniform coating. Figure 3a displays the general view of the titaniacoated ITO particle agglomerate. This agglomerate consists of diverse size particles. Higher magnification of the agglomerate shown in Fig. 3b reveals that the ITO particle agglomerate is coated with a continuous conformal TiO 2 shell. Figures 3c-d display the high resolution images of the TiO 2 shell at different locations on the same sample. This sample was sintered at 500 °C for 30 min. Figure 3c shows one of the obtained structures (which is optimal for DSSC): the conformal TiO 2 shell with a thickness of 8-9 nm. The shell consists of small (3-7 nm) crystalline titania particles and is covered by a continuous amorphous TiO 2 layer. The comparison of Figs. 3c and 3d show that when the shell thickness is less than approximately 6 nm, the shell is amorphous; whereas shells thicker than 6 nm consist of polycrystalline TiO 2 particles grown on the ITO surface, which are sometimes covered with an amorphous TiO 2 . Figures 3e-f represent HRTEM images of the TiO 2 -coated ITO particles following variations in the sintering process. Figure 3e shows the effect of sintering at 500 °C for 2 h, and Fig. 3f represents sintering at 550 °C for 45 min. In Figs. 3e-f we observe individual crystalline TiO 2 particles of about 5-12 nm grown on the ITO particles surface. Here no amorphous TiO 2 layer is observed. As we noticed, when the temperature and/or the time of the sintering increased, the amorphous part of the shell disappeared, and the size of TiO 2 nanocrystals increased (Figs. 3e-f) .
By analyzing HRTEM images, we can understand why for an efficient DSSC electrode the thickness of the TiO 2 shell should be more than 6 nm: only in this case we observe the polycrystalline TiO 2 particles in the shell, as they exist in the standard DSSC electrode. Apparently, only when the thickness of the TiO 2 shell exceeds 6 nm, does the material of the shell obtain semiconductor properties. The parameters of sintering (temperature and time) are also very important for efficient electrode preparation. As we show in ref 19 , the crystallization of sol-gel EPD prepared TiO 2 starts at about 440 °C, and the extent of crystallization depends on both the temperature and time of thermotreatment.
In addition, as we mentioned in the Introduction, for the fabrication of efficient DSSC electrodes, it is important to create a compact continuous thin layer of a high band-gap semiconductor or insulator on the surface of the TCO particles. This will help prevent the losses due to recombination processes. The structure of the TiO 2 shell represented in Fig. 3c shows one such possibility: here the amorphous titania layer covers the surface of polycrystalline TiO 2 nanoparticles and functions as a blocking layer. In this case, when due to stronger sintering conditions this amorphous layer disappears, and some places on TCO particle surface between TiO 2 nanoparticles can be exposed to the electrolyte (as in Figs. 3e-f) , thus promoting the recombination processes. In this case, the additional procedure of a blocking layer formation is required: either on the surface of the TCO particles before the formation of the TiO 2 layer, or on top of the polycrystalline titania nanoparticles.
From our data we conclude that we only partially reached our aim to create a conformal, compact, and uniform TiO 2 shell with a thickness of more than 6 nm on the ITO particles surface, because in some places the shell thickness was less than 6 nm (see Fig. 3d ).
Nevertheless, the present work shows for the first time the method of a conformal thick semiconductor coating preparation on a mesoporous conductive electrode, and this method can be optimized for an improved shell uniformity.
The efficiencies of the prepared electrodes were calculated from current-voltage curves shown in Fig. 4a . For DSSC electrodes the thickness of the ITO layer was about 20 μm. Table 1 summarizes the DSSCs characteristic parameters for the three types of prepared electrodes (see "Experimental"). While the cell containing the bare ITO electrode (electrode 1) showed very poor performance, electrodes 2 and 3 showed moderate Fig. 3 . HRTEM images of ITO particles coated by TiO 2 conformal layer: (a) general view of a TiO 2 -coated ITO particle agglomerate; (b) higher magnification view of a part of image (a); (c) view of a part of an ITO particle coated with 8-9-nm-thick TiO 2 conformal layer; (d) view of a part of two ITO particles coated with a 1.5-2.5-nm-thick TiO 2 conformal layer; (e) view of an ITO particle coated with TiO 2 polycrystalline particles (sintering at 500 °C for 2 h); (f) a view of an ITO particle coated with TiO 2 polycrystalline particles (sintering at 550 °C for 45 min).
conversion efficiencies of 1.37% and 1.63%, respectively. The photoactivity of electrode 1 can be attributed mainly to ITO absorbance at wavelengths less than 450 nm, as confirmed from the IPCE results (see Fig. 4b ). However, almost all electrons that were photoinjected from the dye recombined before they reached the substrate, due to a lack of an energy barrier in this electrode. Unlike electrode 1, the incident photon-to-current conversion efficiency (IPCE) of electrodes 2 and 3 showed characteristic DSSC behavior. The maximum IPCE was 28% and 32%, respectively, at 530 nm, where the dye absorbs strongly. The TiO 2 shell improved all the cell parameters, including the open-circuit voltage, the short-circuit current, the fill factor, and the conversion efficiency. An additional gain in the cell short-circuit current, fill factor, and performance was achieved by means of a MgO blocking layer. These first results look promising, because the cell efficiency can be further improved by better adjustment of the TCO particle size and narrower size distribution, the thickness and uniformity of the TiO 2 conformal layer, the thickness of TCO particle layer, and the application of an additional blocking layer(s). The optimization of the ITO particle size is needed in order to reach a compromise between two possible extremes of this design. The use of relatively small ITO particles (probably in the range of 100-200 nm) could result in an increase of the active TiO 2 surface area. This will lead to a higher dye adsorption, a higher solar energy harvesting, and thus a higher short circuit current in comparison to electrodes based on larger ITO particles. However, the ITO particle size must not be too small in order to enable a sufficient pore size that will permit at least a 6-nm-thick TiO 2 coating without complete filling of pore volume. The second extreme is the possibility to use large (several microns) ITO particles and to fill huge pores between them with TiO 2 nanoparticles such as P-25 or P-90 (Evonik-Degussa). In this case, photoinjected electrons will have to travel hundreds of nanometers to the ITO collector, which still should provide 100% collection efficiency (if a blocking layer is deposited first on TCO particles surface). The thickness of the dielectric barrier layer should also be optimized carefully in order to sustain the photocurrent, while preventing the back reactions of photoinjected electrons.
Theoretically, the new concept of a mesoporous collector-shell electrode should be the most useful for solid-state DSSC.
16 Despite 10-11% liquid-based devices, solid-state DSSCs are substantially less efficient (about 4%). 20 To improve the efficiency of solid-state devices the following issues require further investigation. The electron transport in TiO 2 is many orders of magnitude slower than in silicon-based or organic thin film photovoltaic devices.
6 For liquid-based electrolytes, slow electron transport is not a critical issue because the electron diffusion length is in the order of 10 μm, due to the screening effect that slows the recombination process. 20 But for the solid-state DSSC, where the recombination is relatively fast, the poor electron transport in the TiO 2 limits the device performance. 20 To date, attempts to use alternative metal oxides, such as SnO 2 6,21 or Sb-SnO 2 with faster electron transport, resulted in DSSCs with low efficiency, even with a thin (few angstroms) MgO blocking layer application. 6, 21 Consequently, the collector-shell electrode design, which significantly shortens the required electron diffusion length, without a limitation of the effective electrode surface area, should improve the efficiency of solid DSSCs.
21
Another problem associated with solid DSSCs involves the image electric field that is generated upon the charge separation, and opposes the diffusion of charges in opposite directions. 22, 23 The collector-shell electrode can screen part of the image field utilizing the highly doped core of the porous electrode. We anticipate that the built-in screening capability of the collector-shell electrode will further improve the efficiency of solid state DSSCs.
conclusIons
The aim of the present work was to study the new concept of a collector-shell electrode. 16 The collector-shell electrode consists of a mesoporous, large area, transparent to visible light conductive matrix, and a conformal uniform shell from a wide band semiconductor, active in DSSC, with a thickness of at least 6 nm. Adherent uniform ITO mesoporous electrodes with a thickness of more than 40 μm were prepared by EPD. The TiO 2 conformal shell was created on top of the ITO matrix by a sol-gel EPD. However, we were unable to achieve an absolutely uniform compact TiO 2 conformal shell. The prepared shell was conformal, but its thickness varied from 1.5 to about 40 nm. Apparently, this variation was the main reason we obtained a moderate efficiency for a collector-shell electrode. Nevertheless, the cell efficiency of 1.37% at 1 sunlight intensity was achieved in comparison with a virtually non-active ITO electrode without a TiO 2 shell. By introducing an additional insulating barrier layer on top of the TiO 2 , we improved the cell efficiency to 1.63% due to a suppressed recombination rate. Further work is necessary to optimize the TCO particle size and the size distribution, the thickness and uniformity of the TiO 2 conformal layer, the thickness of TCO particles layer, and the application of an additional blocking layer(s). We expect the collector-shell design to be the most useful for solid-state DSSCs in which uncompensated electric fields oppose the charge separation, and faster electron transport is essential for improving efficiency
